The contact conductance between graphene and two quantum wires which serve as the leads to connect graphene and electron reservoirs is theoretically studied. Our investigation indicates that the contact conductance depends sensitively on the graphene-lead coupling configuration. When each quantum wire couples solely to one carbon atom, the contact conductance vanishes at the Dirac point if the two carbon atoms coupling to the two leads belong to the same sublattice of graphene. We find that such a feature arises from the chirality of the Dirac electron in graphene.
Introduction
The fabrication of graphene, a single atomic layer of graphite, is the first experimental realization of realistic two-dimensional crystal [1] . In the effective mass approximation, valence electrons in such a carbon material obey the massless relativistic Dirac equation, rather than the Schrödinger equation. Consequently, graphene presents many unusual electronic transport properties, such as the half-integer quantum Hall effect [2, 3, 4, 5, 6] , the nonzero conductivity minimum at vanishing carrier concentration [5, 7, 8, 9, 10, 11, 12, 13] , the subtle weak localization [14, 15, 16, 17, 18, 19] , and the reflectionless transmission of the carrier through an arbitrarily high barrier [20, 21, 22] .
The intriguing transport properties mentioned above are closely associated with the scattering of a Dirac electron by impurities, defects or gated barriers, etc. However, apart from these scattering effects, the contact between graphene and the metallic electrodes also influences the electronic transport spectrum to some extent. In other words, the measured conductance(conductivity) spectrum often includes a contact conductance, accompanying the scattering conductance. From the experimental viewpoint, such a contact conductance makes sense when graphene couples to the probes of the scanning tunneling microscope (STM) [23, 24, 25] , or ultrathin gold or tungsten wires; in particular, the multi-probe STM that was developed quite recently [26, 27, 28, 29, 30] , which can be used to explore the surface structure of graphene. In these actual structures, the leads that connect graphene and electron reservoirs are the quantum wires which have only a few transverse modes to carry the current. This is in contrast with the infinitely many transverse modes in graphene.
Thus, the electron will be reflected with certain probability when it enters the leads from graphene. Besides, such quantum wires couple locally to a finite number of the carbon atoms of graphene. As a result, the electronic tunneling between the leads and graphene depends sensitively on the coupling configuration at the contact. To sum up these facts, it can be anticipated that the coupling between graphene and a quantum wire will give a nontrivial contact conductance.
So far, relatively fewer works involve the contact conductance between graphene and the leads of different kinds [31, 32] , in comparison with the scattering conductance. In fact, many aspects concerning this issue deserve further explorations. In the present work, we carry out a systematic investigation on the contact conductance between graphene and quantum wires which serve as the leads to conduct the current. There are many factors that influence the contact conductance, for example, the bandwidth and the band position of the quantum wire(lead) relative to the Dirac point of graphene, the coupling configuration between the leads and graphene, and the distance and the relative orientation between the two leads. To obtain a quantitative dependence of the contact conductance on these factors it is desirable to analyse the observed conductance spectrum in relevant experimental setups.
The rest of this paper is organized as follows: In Sec.2, the theoretical framework to formulate the contact conductance is elucidated. In Sec.3, the numerical calculations on the contact conductance are performed. Based on these numerical results, the dependence of the contact conductance on the relevant parameters is discussed. Finally, in Sec.4, we make some concluding remarks.
Model and theory
As illustrated in Fig.1 , the electronic transport structure we consider consists of a graphene monolayer coupling to two quantum wires, which serve as two leads to conduct the current. We adopt a semi-infinite linear lattice to describe the band structure of a single transverse mode in each lead. Such a single mode lead couples to the finite number of the carbon atoms in graphene. Note: Some structure parameters are explained in Fig.1 .
In such a model the tight-binding Hamiltonian of an electron is composed of three parts,
The first term H C is the Hamiltonian of the two semi-infinite linear lattices which model the two leads. It is given by
where c † j (c j ) is the electron creation (annihilation) operator at the individual lattice points. For the ideal leads, both the on-site energy and the hopping energy are viewed as uniform parameters, denoted by ε 0 and v 0 , respectively. The second term H G is the tight-binding Hamiltonian of the π band electron in graphene. It takes a form as
where d † iν (d iν ) with ν = A or B is the electron creation(annihilation) operator associated with the local atomic orbits in graphene. The notation i, j means that the summation is restricted between the pairs of the nearest neighbor carbon atoms. t is the corresponding hopping energy. We choose the Dirac point as the energy reference point, hence the on-site energy of all lattice points in graphene is zero. Moreover, in what follows we use the units = t = a = 1. The last term H T in the total Hamiltonian describes the electron tunneling between the leads and graphene. It is given by
where v Liν and v Rjν denote the coupling strength between two leads and the individual carbon atoms in graphene. Note that we use L and R to denote the two leads respectively.
As illustrated in Fig.1 , only finite carbon atoms around the tip of each lead couple to the lead effectively.
To study the electronic transport properties, we need to calculate the linear conductance between the two leads. Based on the Landauer-Büttiker theory [33, 34] , we can write the linear conductance formula as
where E is the energy of the incident electron from one lead. The matrices of the retarded and advanced Green functions satisfy a relationship
just following the standard definition of a retarded Green function. We will often use an alternative notation A|B r to denote the retarded Green function in Fourier space for
r . In Eq.(5) two other matrices are defined as
0 , where the subscript "0" denotes that the corresponding Green function belongs to an individual lead, completely isolated from graphene. Besides, as we have done, we will often drop the energy dependence of these matrices to keep expressions compact.
To solve the Green functions in the conductance formula, we need to convert the Hamiltonian H G into the eigen-representation of the π band electron of graphene. Doing so, we utilize the following transformations
and
where N is the total number of unit cells in graphene; t k = 3 l=1 t exp(ikτ l ) with k being the electron wave vector measured from the center of the Brillouin zone of graphene. The creation (annihilation) operator c † kν (c kν ) is associated with electron Bloch state in one sublattice of graphene. And the notation s = + or −, denotes the conduction or valence bands of graphene, respectively. α † ks (α ks ) is the creation (annihilation) operator of the eigen-states of the valence electron in graphene. Thus, the Hamiltonian of graphene becomes diagonal
where ε ks = s|t k |. Accompanying such a representation transformation, the tunneling Hamiltonian H T can be rewritten as
with
Meanwhile, the conductance expression changes into
The retarded Green function satisfies the following equation of motion
where g ks = (E + −ε ks ) −1 and E + = E +iη with η being a positive infinitesimal. Here, we can see that the Green functions c λ |c 
In the above equations
By virtue of the property of a tri-diagonal matrix [35] , we can solve analytically the above set of equations, which yields
In similar manner, we can obtain the analytical forms of Green functions c −1 |c † 1
and c 1 |c † 1 r . They are given by
Substituting these results into Eq.(12), we can then get the explicit form of the Green func-
r . Subsequently, after some derivation, we obtain an analytical expression for the contact conductance. That is
witht
So far we have obtained a conductance expression in terms of the self-energy terms ξ µµ ′ .
We will derive their the analytical forms in the Appendix. To calculate the conductance spectrum, the two parameters v 0 and ε 0 ought to be taken the appropriate values to guarantee the energy band of the leads and the linear region of the π band of graphene overlaps each other. Besides, the incident electron energy should also be restricted in the linear region of graphene band. Now we consider an extreme case that the graphene-lead coupling is far much smaller than the bandwidth of the leads, i.e. v ≪ v 0 . From the above conductance expression, we can infer that the conductance formula in such a weak coupling limit reduces to
Results and discussion
After formulating the linear conductance, we are now in a position to perform the numerical calculation for the conductance spectrum, from which we can investigate the electronic transport properties dominated by the contacts between graphene and two quantum wires.
First of all, we consider the simplest case that only one carbon atom in graphene couples to each lead(Hereafter we call the tip of a lead a probe). For the numerical calculation, we fix the first probe(L) to couple to the A atom at origin, and shift the second probe around.
In Fig.2 , we show the calculated contact conductance spectrum (G(E) versus E) for the second probe(R) stopping at a specific A atom. In such a case we have v Liν = vδ i0 δ νA and v Rjν = vδ jm δ νA . We refer to such a configuration between graphene and two leads as A-A coupling. The most striking feature shown in this figure is that the contact conductance vanishes when the incident electron energy is aligned with the Dirac point of graphene. From the analytical results given in the Appendix, we can readily obtain the self-energy terms ξ µµ ′ for the case of the simple A-A coupling
Owing to the chirality of the π band electron in graphene, these self-energies vanish at Dirac point(E = 0). Then, this leads to the zero point of the contact conductance as shown in Fig.2 . Therefore, we can attribute the zero contact conductance at the Dirac point to the chirality of the Dirac electron. As shown in Fig.2(a) , we can shift the position of the band bottom of the leads relative to the Dirac point by varying the parameter ε 0 . As a result, the conductance spectrum becomes asymmetric with respect to the Dirac point. In addition, Fig.2(c) shows that when the band of the leads is widened by increasing the parameter v 0 , the conductance becomes notably smaller. Such a dependence of the contact conductance spectrum on the band structure of the leads can be readily understood by analyzing the local density of states of the electron at the tip of a lead, which appears in the conductance formula, see Eqs. (22), (23) and (26) . From Eq. (25) we can see that such a local density of states decreases as the bandwidth of a lead gets larger. Besides, when the parameter ε 0
deviates from the Dirac point, the local density of states becomes asymmetric relative to the Dirac point. The variation of the conductance spectra with the parameters v 0 and ε 0 shown in Fig.2(a) and (b) just reflects these features of the local density of states. In Fig.2(c) and This is due to that the self-energy ξ LR for A-B coupling takes a different form. It is given by
By a simple derivation, we can further deduce that for the A-B coupling the self energies at the Dirac point are ξ LL = ξ RR = 0 and
Then the contact conductance at the Dirac point takes a simple form as
With the help of these self-energy terms we can discuss the dependence of the contact conductance on the distance between the two probes. In fact, from Eqs. (29)- (31) we can infer that initially with the increase of the distance between the two probes, the contact conductance near the Dirac point will decay rapidly. However, when the distance between the two probes becomes sufficiently large, the contact conductance tends to be inversely proportional to R 2 . In Fig.3(a) we plot the contact conductance as a function of R by letting the second probe to move away from the origin (the position of the first probe) along the y axis. We can see that the contact conductance decreases drastically when R increases within several times the lattice constant. Such a rapid decay has little to do with the variation of the incident electron energy.
The explicit expression of the contact conductance at the Dirac point shown by Eq. (31) indicates a conductance peak occurs when v 0 = ξ LR . This implies that the resonance will occur when the distance between the two probes takes an appropriate value, which depends on the bandwidths of the leads and their coupling strengths to graphene. To study such a resonance in some details, we calculate the conductance as a function of the strength of the graphene-lead coupling, as shown in Fig.4 . From Fig.4(a) we can see that a stronger graphene-lead coupling is required to observe resonance when the distance between the two probes gets larger. The calculated results shown in Fig.4(b) indicate that the resonant conductance peak is notably suppressed when the incident electron energy deviates from the Dirac point.
Now we turn to discuss the orientation dependence of the linear conductance when the second probe shifts around the origin where the first probe is located. For simplicity, we only consider the weak graphene-lead coupling limit, where the conductance expression takes a relatively simple form, given by Eq. (26) . From Eqs. (28) and (29) we can see that the factors cos(
) for A-A coupling and sin( of the conductance appears when R is along y direction. Furthermore, considering the symmetry of the honeycomb lattice of graphene, when the second probe moves along a circle around the first probe, the conductance maximum will appear at the ±τ l directions. In addition, we can readily infer that for A-A coupling the conductance pattern formed by shifting the second probe has reflection symmetry with respect to the x axis. In other words, when the second probe is located at the two symmetric A atoms relative to the x axis, the conductance gives the same value.
The above coupling manner that a quantum wire couples to a single carbon atom in graphene can only model the extreme situation that the probe aims at a specific carbon atom, but the coupling strength between the probe and the adjacent carbon atoms is negligibly small. To mimic the actual graphene-lead coupling configuration, we introduce the following Gaussian-type graphene-lead coupling
where r denotes the arbitrary position of probe µ, and R iν is the lattice vector of a carbon atom in the vicinity of the probe. d 0 is a decaying factor to determine the region in which the carbon atoms couple effectively to the probe. Obviously, when d 0 is far smaller than the lattice constant, such a Gaussian-type coupling changes into the single atom coupling configuration discussed above. On the other hand, when d 0 is comparable to or larger than the lattice constant, a probe will couple to multiple carbon atoms around it.
At first, we check whether the contact conductance vanishes at the Dirac point when the two probes are positioned at two carbon atoms of the same kind. As shown in Fig.3(b) , we can see that such a chirality associated feature no longer exists when the effective coupling region gets larger. This is readily understood since in the Gaussian-type coupling configuration with a decay factor d 0 comparable to the lattice constant of graphene, the conductance is the averaging result of A-A and A-B couplings. Besides, the result shown in Fig.3(b) indicates that the rapid decay of the contact conductance with the increase of the probe interval still holds in such a Gaussian-type graphene-lead coupling. In Fig.4(c) we show the resonant contact conductance by changing the strength of the graphene-lead coupling in Gaussian type. We can infer that the resonant conductance peak is influenced by the decay factor d 0
intricately. Initially when we increase the decay factor(d 0 = 0.4 to 0.8) there is a notable decrease in the resonant peak. But when we increase d 0 further, the conductance peak turns to get larger. Such a complicated dependence of the conductance on the effective coupling size arises from the quantum interference between the different electron transmission paths.
When an electron travels from the first probe to the second one, electronic tunnelings between graphene and the two probes can be realized via two carbon atoms of either the same kind or the distinct kind, which corresponds to the different electron transmission paths. These two distinct electron transmission paths result in destructive interference. At d 0 = 0.8, besides the central B atom, three nearest neighbor A atoms begin to couple effectively to the second probe. As a result, the destructive quantum interference diminishes the resonant peak. When d 0 = 1.2, six next-nearest neighbor B atoms enter the effective region to couple to the second probe, which compensate for the negative effect of the three nearest neighbor A atoms. As a result, there is a notable increase in the resonant peak.
With such a Gaussian-type coupling manner we can plot the two-dimensional conductance pattern formed by shifting the second probe around the first one. In Fig.5 we plot such a conductance pattern for a relatively small decay factor in the Gaussian-type coupling function(d 0 = 0.2). This case is in analogy to the single atom coupling configuration discussed above. From this figure we can see that the conductance pattern exhibits the C 3 group symmetry when the second probe rotates around the first probe. And such a rotation symmetry is independent of the incident electron energy. The strongest conductance appears when the second probe is located at the next-nearest neighbor B atoms, rather than the three nearest neighbor B atoms around the origin (Except for the conductance maximum at the origin when the incident electron energy is far away from the Dirac point, as shown in Fig.5(b) ). According to the discussion on the relation between the resonant conductance peak and the probe interval, the strongest conductance can appear at different positions if we adjust the coupling strength between the probes and graphene. In Fig.6 we plot the conductance pattern corresponding to a relatively large decay factor(d 0 = 1.0). We can see that the where the conductance maxima always occur when the second probe points at an individual carbon atom, some discrete islands with different shapes form in Fig.6 , labeling the regions with the relatively large conductance. As shown in Fig.7 , if we move the first probe to the center of a hexagon of the graphene lattice, the conductance pattern formed by shifting the second probe around has the C 6 group symmetry instead of the C 3 group symmetry in the previous cases shown in Fig.5 and Fig.6 . However, in such a case the conductance is far smaller than those in the previous cases. This is because that the first probe does not point at any atom carbon. Thus, according to the Gaussian-type coupling function, the coupling strength between the carbon atoms in graphene and this lead diminishes notably.
Finally, based on the above discussion, we can work out an approximate expression for the contact conductance, which is convenient for a rapid estimation of the contact conductance for some experimental setups if the following conditions are satisfied. First, if the distance between the two probes, symbolized byR, is much larger than the size of the effective contact area around each probe, thus to calculate the self-energies from the formulae given in the Appendix, we can replace the exact distance between two individual carbon atoms around two probes byR approximately. Second, when the incident electron energy is limited in the vicinity of the Dirac point, we can roughly view E ≈ 0. Thus, according to the formulae shown in the Appendix, the dominant contribution to the self-energy arises from F AB (R) and F BA (R). Consequently, we arrive at an approximate expression about the contact conductance in the weak coupling limit, which is given by
where n µ denotes the number of the same kind in graphene which couple effectively to probe µ. Obviously, such a quantity is proportional to the contact area between graphene and the probe. If the probe intervalR is much larger than the lattice constance of graphene, we will have
whereθ is the argument ofR. Therefore, we can conclude that the contact conductance is proportional to the square of the two contact areas between graphene and the two probes, and inversely proportional to the square of the probe interval, if the conditions given above are satisfied.
Conclusions
In this work we have systematically studied the contact conductance between graphene and two quantum wires which serve as the leads to connect electron reservoirs and graphene.
The general conclusion we have obtained is that the contact conductance decays rapidly with the increase of the distance between the two leads. When each quantum wire couples to only one carbon atom in graphene, the contact conductance vanishes at the Dirac point if the two carbon atoms coupling respectively to the two leads belong to the same sublattice of graphene. And this conductance zero arises from the chirality of the Dirac electron in graphene. Also at the Dirac point, if two quantum wires couple to two carbon atoms of distinct kinds, a resonant path can be formed by adjusting the strength of the graphene-lead coupling. The inter-valley quantum interference causes the orientation dependence of the contact conductance. In the weak graphene-lead coupling limit, the carbon-carbon bond directions(i.e. τ l directions) are the optimal directions to form the maximal contact conductance. In a more realistic situation, each quantum wire may couple effectively to multiple carbon atoms around it. To mimic such a situation, we introduce Gaussian-type graphenelead coupling, by which we have worked out the two-dimensional conductance pattern formed by moving the second probe around the first one. We find that the conductance pattern does not vary sensitively with the incident electron energy. However, the symmetry of the conductance pattern changes from C 3 group to C 6 group when the first probe shifts from a carbon atom to the center of a hexagon of the graphene lattice. Finally, we obtain an approximative expression about the contact conductance when the probe interval is sufficiently large and the incident electron energy is in the vicinity of the Dirac point. We find that in such a case the contact conductance is proportional to the square of the two contact areas between graphene and the probes, and inversely proportional to the square of the probe interval.
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Appendix
Now we derive the explicit expression about the self-energy terms ξ µµ ′ in terms of the structure parameters. Substituting Eq. (10) into Eq. (15) we have
In the above we have introduced four auxiliary functions F νν ′ (R) which can be analytically treated by invoking the linear dispersion relation of graphene around the Dirac point.
where γ = √ 3at/2 is the so-called Fermi velocity and
It should be noticed that in Eq.(37) the incident electron energy E appears in the analytical result of the functions F AA (R) and F BB (R) as a prefactor. It arises from the chirality of the Dirac electron in graphene. This result implies that these two functions are equal to zero when the incident electron energy is aligned with the Dirac point. Besides, our derivation indicates that the quantum interference between K and K' valleys in the band structure of graphene is responsible for the dependence of the four functions given above, hence the contact conductance, on the relative orientation between the two probes. 
